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Structural evolution of binary oxide nanolaminates with
annealing and its impact on room-temperature internal
friction
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Internal friction in oxide thin films imposes a critical limitation to the sensitivity and stability of
ultra-high finesse optical cavities for gravitational wave detectors. Strategies like doping or cre-
ating nanolaminates are sought to introduce structural modifications that reduce internal friction.
This work describes an investigation of the morphological changes SiO2/Ta2O5 and TiO2/Ta2O5

nanolaminates undergo with annealing and their impact on room temperature internal friction. It
is demonstrated that thermal treatment results in a reduction of internal friction in both nanolami-
nates, but through different pathways. In the SiO2/Ta2O5 nanolaminate, which layers remain intact
after annealing, the total reduction in internal friction follows the reduction in the composing SiO2

and Ta2O5 layers. Instead, interdiffusion initiated by annealing at the interface of the TiO2/Ta2O5

nanolaminate and the formation of a mixed phase dictate a more significant reduction in internal
friction to ∼ 2.6 × 10−4, a value lower than any other Ta2O5 mixture coating with similar cation
concentration.

1 Introduction
Nanolaminates are representative engineered materials that con-
sist of stacks of nanometer-thick layers of two or more dissimilar
materials. These two-dimensional composite thin films are ex-
tensively used in semiconductor devices1–3, electrochemical stor-
age devices4, and optical coatings5,6. Their unique properties
arise from modifications to the environment of atoms at nanome-
ter to subnanometer scale. For example, in nanolaminates of
Al2O3/ZnO7 an exponential increase in emission intensity was
achieved due to quantum confinement when the ZnO sublayer
thickness was reduced to less than 2 nm. The large interfa-
cial area between layers also plays a critical role in modifying
the structural properties of nanolaminates. In HfO2/Al2O3

8 and
HfO2/La2O3

9 nanolaminates it is found that the amorphous state
of HfO2 can be stabilized up to 800 ◦C annealing, an effect cre-
ated by the increased contribution from surface enthalpy to the
total film energy. At the interface, when chemical reactions occur,
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advantageous functional properties develop, as is the formation
of robust Al-O-Ti and Al-O-Zr bonds that inhibit water incorpora-
tion in Al2O3/TiO2

10,11 and Al2O3/ZrO2 nanolaminates12. The
improved water anticorrosion is ascribed to the formation of a
ternary phase that is thermodynamically more stable than sepa-
rate phases of the binary oxides13,14.

The ability to alter structural properties in nanolaminates has
also stimulated great interest for their use in highly reflective
mirror coatings of ultrastable optical cavities. High finesse cavi-
ties are essential components for precision measurements of time
and space, such as atomic clocks and gravitational wave detec-
tors15,16. For these applications, reducing thermally driven fluc-
tuation is critical to stabilizing the cavity length and thus improv-
ing the system’s sensitivity. For example, a factor of four reduc-
tion in internal friction (Q−1) of the mirror coating in the vicin-
ity of 100 Hz would expand the ability of the Advanced LIGO to
detect astrophysical events beyond its present limit, 120 mega-
parsecs17–19. Nanolaminates are envisioned to replace the high
index layers in the current mirror coatings. The structural mod-
ifications associated with the nanolaminate architecture are ex-
pected to alter medium range order of the atomic structure and
hence the sources of internal friction, which are conceptualized as
two-level systems (TLSs)20. Experiments on TiO2/SiO2 nanolam-
inates have shown pronounced suppression of internal friction at
cryogenic temperatures21. This behavior was attributed to the
interruption of long scale building blocks associated with TLSs
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by constraining the layer thickness. In contrast, a direct observa-
tion and an unambiguous identification of the structural features
that relate to the reduction in room temperature internal friction
is still lacking. Identifying and understanding the key structural
evolution that governs the internal friction behavior will acceler-
ate the search for coating materials for the next generation gravi-
tational wave detectors.

Herein, we describe the behavior of room temperature internal
friction of SiO2/Ta2O5 and TiO2/Ta2O5 nanolaminates with the
goal to identify the origin of internal friction reduction in these
amorphous oxide thin films. It is shown that the morphological
and structural evolution of the SiO2/Ta2O5 nanolaminate upon
annealing is significantly different from that of the TiO2/Ta2O5

nanolaminate. The interfaces between layers remain sharp up to
an annealing temperature of 650◦C in the SiO2/Ta2O5 nanolam-
inate. Instead, interdiffusion in the TiO2/Ta2O5 nanolaminate is
revealed by high resolution transmission electron microscopy. In
both cases, annealing lowers internal friction compared to a sin-
gle Ta2O5 layer, but from different origin. The reduction in in-
ternal friction of the SiO2/Ta2O5 nanolaminate results from the
combined reduction in the individual Ta2O5 and SiO2 nanolayers.
Instead, interdiffusion and formation of a stable ternary phase
upon annealing is responsible for the reduction of internal fric-
tion in the TiO2/Ta2O5 nanolaminate.

2 Experimental
Nanolaminates of SiO2/Ta2O5 and TiO2/Ta2O5 were prepared by
reactive ion beam sputtering using a biased target deposition sys-
tem22. A high purity metal target is sputtered by Ar ions when
a negative bias of 800 V is applied to the target. Ultra-high pu-
rity oxygen gas is introduced to the chamber near the substrate
surface to grow oxides. Optimization of the oxygen flow was car-
ried out to ensure stoichiometry of the oxides. Deposition rates
of Ta2O5, TiO2 and SiO2 were measured to be 0.17, 0.022 and
0.058 Å/s, respectively. The low deposition rates offer a high
control in layer thickness and interfacial quality when depositing
nanometer thick layers. The samples were designed to have a 6
nm top layer of Ta2O5 and 15 pairs of 1.6 nm SiO2 or TiO2 and
6 nm Ta2O5 (Figure 1). The stacks were deposited onto fused sil-
ica and silicon substrates by sequentially biasing the correspond-
ing metal targets. For these designs, the cation concentration
Si/(Si+Ta) and Ti/(Ti+Ta) is ∼20%. Reference mixture samples
of the same cation concentration were also prepared. The mix-
ture cation composition is controlled by varying the target bias
time in one period.

The nanolaminate and mixture samples were annealed in air
by ramping up the temperature at 1.6◦C/min and soaking at the
set temperature for 10 hrs with a Fisher Scientific Isotemp pro-
grammable furnace. Soaking temperatures were varied in steps
of 100◦C up to the highest temperature at which the first sign of
crystallization appeared.

The structure evolution with annealing was characterized by
grazing incidence x-ray diffraction (GIXRD) using a Bruker D8
thin film diffractometer operated at an incident angle of 0.5◦. X-
ray photoelectron spectroscopy (XPS) measurements were carried
out with a PE-5800 to examine the bonding environments of the

Fig. 1 Schematic of the nanolaminate samples with a 6 nm top layer of
Ta2O5 and 15 pairs of 1.6 nm SiO2 or TiO2 and 6 nm Ta2O5.

elements. A take-off angle of 45◦ was used for all scans. The neu-
tralizer operating at 10 µA was used to counteract charging effect
of the sample. The C 1s peak position was used to calibrate the
binding energy scale of the spectra. The peak shapes were fitted
with Gaussian functions. High resolution transmission electron
microscopy images of as-deposited and annealed nanolaminates
were obtained using a FEI Tecnai Osiris FEG/TEM operated at
200 kV by EAG Laboratories.

The evaluation of the internal friction for each sample was per-
formed with a coating ring-down system23–25 by Vajente et al at
the LIGO laboratory, Caltech. A gentle nodal suspension was used
to support the sample within a vacuum chamber with a pressure
below 10−6 Torr. After exciting the resonant mode, the decay of
the oscillation amplitude was measured for each sample to obtain
the internal friction.

3 Results and discussion
Figure 2 shows the room temperature internal friction of the
SiO2/Ta2O5 and TiO2/Ta2O5 nanolaminates for different anneal-
ing temperatures. For as-deposited nanolaminates, TiO2/Ta2O5

has a higher Q−1 ≈ (7.5 ± 0.2) × 10−4 than SiO2/Ta2O5 with
Q−1 ≈ (6.9 ± 0.5) × 10−4. This is due to as-deposited SiO2 single
layer having low Q−1 26. Upon increasing the annealing temper-
ature from 400◦C to 500◦C, the trend is reversed in that Q−1 of
the TiO2/Ta2O5 is lower than that of the SiO2/Ta2O5 nanolami-
nate. At 650◦C, the internal friction of the TiO2/Ta2O5 nanolam-
inate reaches its lowest value of Q−1 ≈ (2.6 ± 0.2) × 10−4. At
this temperature, Q−1 is (3.1 ± 0.2) × 10−4 for the SiO2/Ta2O5

nanolaminate. In both cases, these values are lower than the
best value for a single layer Ta2O5 annealed at 500◦C, Q−1 ≈
4.0 × 10−4 27. For comparison, the inset of Figure 2 plots inter-
nal friction of the nanolaminates and mixtures of SiO2/Ta2O5 and

2 | 1–5Journal Name, [year], [vol.],



TiO2/Ta2O5 at the highest annealing temperature before crystal-
lization. For the SiO2/Ta2O5 nanolaminate, Q−1 is lower than
that of the reference mixture of Q−1 ≈ 4.1 × 10−4 after 700◦C
annealing. Phase separation after annealing in the SiO2/Ta2O5

mixture results in a Q−1 value similar to that of a single layer
Ta2O5 (Figure S1). Instead, Q−1 is the same within experimental
errors for the TiO2/Ta2O5 nanolaminate and mixture after an-
nealing, indicating a strong similarity. In both the mixture and
nanolaminate form, the TiO2/Ta2O5 system exhibits lower inter-
nal friction than that of the SiO2/Ta2O5 one.

Fig. 2 Room temperature internal friction of nanolaminates as-deposited
and annealed at different temperatures. The SiO2/Ta2O5 nanolaminate
(NL) is represented by blue filled squares and the TiO2/Ta2O5 nanolami-
nate (NL) is represented by green filled circles. After annealing at 500◦C,
the TiO2/Ta2O5 nanolaminate has a lower internal friction than the
SiO2/Ta2O5 nanolaminate. Inset, internal friction of the SiO2/Ta2O5
nanolaminate annealed at 700◦C, the SiO2/Ta2O5 mixture annealed at
700◦C (blue open square), the TiO2/Ta2O5 nanolaminate annealed at
650◦C, and the TiO2/Ta2O5 mixture annealed at 600◦C (green open cir-
cle). The red shading indicates the internal friction level of a single layer
Ta2O5 annealed at 500◦C.

There are significant differences in the structural evolution
upon annealing that affect the internal friction behavior of the
nanolaminates. The high resolution TEM images of the as-
deposited TiO2/Ta2O5 and SiO2/Ta2O5 nanolaminates show well
defined layers with sharp interfaces (Figure 3). Upon annealing at
650◦C, the SiO2/Ta2O5 nanolaminate remains unchanged, show-
ing intact interfaces between strongly contrasted SiO2 and Ta2O5

layers. In this case, the Q−1 can be approximated as the weighted
average of the internal friction of the composing oxide layers (dis-
regarding any interfacial effects)21,28. This calculation estimates
Q−1 ≈ 3.4 × 10−4, which is in good agreement with the mea-
sured value. On the contrary, a noticeable discontinuity along the
interfaces and a homogenization of the two oxide materials are
found in the annealed TiO2/Ta2O5 nanolaminate.

Full crystallization of the TiO2/Ta2O5 and SiO2/Ta2O5

nanolaminates is observed after annealing at 750◦C and 800◦C,
respectively. The crystallization process is delayed to a higher an-
nealing temperature in both nanolaminates compared to 675◦C,
the crystallization temperature of a single layer Ta2O5

27, due to
a greater contribution from the surface enthalpy to the total en-
ergy9,29,30. Diffraction patterns of the crystallized nanolaminates

Fig. 3 High resolution cross-sectional TEM images of nanolami-
nates before and after annealing at 650◦C. Top, SiO2/Ta2O5 nanolam-
inate showing robust layer structure before and after annealing.
Bottom,TiO2/Ta2O5 nanolaminate showing interface blurring after an-
nealing.

and the crystallized Ta2O5 single layer are shown in Figure 4.
The spectrum of the crystallized SiO2/Ta2O5 nanolaminate only
exhibits diffraction peaks from the orthorhombic Ta2O5 phase31

while no SiO2 peak is found. The peaks feature a much broader
profile than that of a single layer Ta2O5. Applying the Scherrer
equation32 to the peak at 2theta = 28.7 ◦, the crystallite size in
the SiO2/Ta2O5 nanolaminate is calculated to be ∼ 5 nm, while a
size of 35 nm is calculated for the single layer Ta2O5. The crystal-
lite size of 5 nm is fully consistent with the Ta2O5 layer thickness
∼ 6 nm, indicating the physical constraint to crystallite growth
imposed by the interfaces. The same analysis of the TiO2/Ta2O5

nanolaminate yields a crystallite size of 11 nm that is larger than
the layer thickness. The extended growth is only possible when
bi-directional diffusion across the interface bridges the separated
Ta2O5 layers.

The emergence of Ti 2p peaks in the XPS spectrum confirms
a strong Ti cation diffusion into the top Ta2O5 layer in the
TiO2/Ta2O5 nanolaminate upon annealing (Figure S2). Instead,
a Si 2p peak is almost absent in the XPS spectrum of both as-
deposited and annealed SiO2/Ta2O5 nanolaminates. Figure 5
shows the Ti 2p core level in the TiO2/Ta2O5 nanolaminate af-
ter annealing at 650◦C. The peak separation is determined to be
∼ 5.85 ± 0.02 eV, which is significantly different from 5.7 eV
for Ti in a TiO2(IV) environment33. The change in peak sepa-
ration is ascribed to the Ta-O-Ti bonding process that accompa-
nies the mixing of TiO2 and Ta2O5. The mixing in this sample is
the same as observed in a TiO2/Ta2O5 mixture upon annealing,
which leads to the formation of a ternary compound identified as
TiTa18O47 that is thermodynamically more stable than separate
phases of TiO2 and Ta2O5

34. The existence of a stable ternary
phase in nanolaminates has been well demonstrated in systems
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Fig. 4 Diffraction patterns of the SiO2/Ta2O5 nanolaminate annealed at
800◦C (blue line) and the TiO2/Ta2O5 nanolaminate annealed at 750◦C
(green line) after crystallization. For comparison, the diffraction spec-
trum of a crystallized Ta2O5 single layer annealed at 675◦C is shown on
top (red line).

such as Al2O3/TiO2
10,11 and Al2O3/ZrO2

12,14, where the pres-
ence of the mixed phase gives superior physical and/or chemical
properties that can be used in various applications. In the absence
of a stable ternary phase, a cross-interface diffusion between lay-
ers should not occur as it will not lead to a reduction in Gibbs
free energy for the whole system. Such picture is supported by
the observation of well spaced layers in the SiO2/Ta2O5 (Figure
3) and SiO2/TiO2

21 nanolaminates after annealing .

Fig. 5 X-ray photoelectron spectrum of Ti 2p in the TiO2/Ta2O5
nanolaminate after annealing at 650◦C. The peak separation is deter-
mined to be 5.85 eV. Collected spectrum after background subtraction
is shown in blue line, the composite spectrum is shown in black line, the
Ti 2p 3/2 peak is shown in red dashed line, and the Ti 2p 1/2 peak is
shown in green dashed line.

These results show that in these binary oxide nanolaminates,
the more significant reduction in room temperature internal fric-
tion is dominated by interdiffusion and the formation of a stable
mixed phase rather than the effect of nanolayering of the two ox-
ide materials. For the TiO2/Ta2O5 nanolaminate, it is the reorga-
nization that occurs during the mixing that has a major influence
on reducing the room temperature internal friction. Elevated an-
nealing temperature in the SiO2/Ta2O5 nanolaminate improves
the internal friction with respect to a single layer Ta2O5 due to a
reduction of internal friction in both the SiO2 and Ta2O5 nanolay-
ers. The internal friction of an annealed SiO2 layer reaches Q−1

≈ 0.5 × 10−4 that is the lowest value among all binary oxide
films26. Yet the reduction is not as profound as from mixing in
the TiO2/Ta2O5 nanolaminate. This behavior is different from
what has been observed for the cryogenic internal friction of
SiO2/TiO2 nanolaminates, which manifests itself by a decrease
in internal friction with a decrease in layer thickness21. Such ef-
fect is ascribed to the elimination of two-level system transitions
with characteristic dimensions that exceed the layer thickness. At
room temperature, however, contribution from those cryogenic
two-level systems to the internal friction is negligibly small35 so
that the effect from nanolayering does not lead to lower internal
friction. On the contrary, observation of the structural evolution
in the TiO2/Ta2O5 nanolaminate with annealing suggests that the
formation of a more stable phase might result in the modified dis-
tribution of two-level systems that is responsible for lowering the
room temperature internal friction.

4 Conclusions
An unambiguous identification of the morphological changes that
involve layer breakup and mixture formation in the TiO2/Ta2O5

nanolaminate is demonstrated. The mixing of TiO2 and Ta2O5,
which is thermodynamically favored upon annealing, results in
the major improvements in the room temperature internal fric-
tion of the TiO2/Ta2O5 nanolaminate. In the absence of mixing,
the reduction in room temperature internal friction of a nanolam-
inate with annealing can be predicted from the changes in the
composing layers, as is the case of the SiO2/Ta2O5 nanolami-
nate. A modified distribution of two-level systems in the mixed
phase rather than size effects is argued to be responsible for the
more profoundly reduced room temperature internal friction in
the TiO2/Ta2O5 nanolaminate. These results are significant in
that they provide new insight into the suppression of two-level
systems and pave the way towards a more delineated search of
new coating materials with low internal friction that potentially
will increase the sensitivity of the next generation gravitational
wave detectors.
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